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Capillary cut design for soil-groundwater salinity control 
John Apambilla AKUDAGO*, Makoto NISHIGAKI*, Larry Pax CHEGBELEH*, Mitsuru 
KOMATSU* and Md. Abdul ALIM* 
Soil-groundwater salinity issues have assumed a worldwide dimension. It is believed that when 
groundwater level is less than 2 m there is the possibility of salinity transfer between the soil and groundwater 
due to factors such as capillary forces. One-dimensional column tests were conducted in the laboratory to find 
a suitable capillary cut design. The capillary cut material comprised a 20 cm thick 2–4.7 mm and a 
combination of 2–4.7 mm and 9.5–19 mm gravel material. In all, four different designs were tested by 
compacting Oji sand in the various columns. Groundwater level of 0.75 m from the top was maintained while 
salt solution of 10% concentration was allowed to flow under capillary forces through the columns. The water 
content in the columns were monitored using frequency domain reflectrometry-vector analyzer (FDR-V) after 
which soil samples from 10 m interval in each column was taken for electrical conductivity measurements. 
The results showed that 5 cm thick, 2–4.7 mm gravel sandwiching coarser material (e.g. 5 cm thick 9.5–19 
mm or 10 cm thick 9.5–19 mm gravel material) proved to be very useful design to cut capillarity.  
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1 INTRODUCTION 
Soil salinity from saline groundwater or vice versa 
contribute to the increasing salinity issues in the world.
Salinity refers to the presence of soluble salts such as 
sodium chloride, magnesium and calcium sulphates and 
bicarbonates in soils or waters which eventually results in 
higher salt concentration levels. It has been estimated that 
about 11.7 million hectors of land have been affected by 
salinity (Massoud, 1977; Szabolcs, 1974). Due to over 
exploitation of groundwater, sea water intrusion as well 
as contribution of contaminated water from irrigation 
keep changing the groundwater quality of aquifers 
located at far distances from the pollution source. The 
interaction between saline/fresh groundwater and salt 
uncontaminated /contaminated soil respectively tend to 
deposit loads of salt when evapotranspiration takes place 
at the surface. 
Available literature has attributed dry land salinity and 
increasing groundwater salinity to groundwater levels 
lying less than 1–2 m from the ground surface (Abrol et 
al., 1988; Ibrakhimov et al., 2007; Rhoades et al., 1992; 
Hillel, 2000; Oosterbaan, 2008; Bennetts et al., 2007). 
This condition depends largely on the texture, hydraulic 
properties, general hydrogeological and the chemical 
conditions of the soil. It has been reported in Uzbekistan 
that when groundwater with salinity over 3 g/l rises above 
2.0 m below the ground surface, large loads of salt is 
deposited in the soil (Ibrakhimov et al., 2007) and hence, 
groundwater level must be controlled to levels between 
1.9–2.5 m.  
Controlling soil-groundwater salinity requires a 
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complete understanding of the mechanism that takes 
place during the interaction. The process by which soil-
groundwater interaction takes place may be classified as 
follows: 
(1) Rising water table due to recharge. 
(2) Capillary forces pushing up or down moisture 
(water molecules). 
(3) Infiltration of water from surface water or 
precipitation. 
Groundwater movement can be controlled by 
constructing horizontal, vertical or inclined barriers 
(Jurinak et al., 1989; Noll et al., 1993; Mordis et al., 
1996; Persoff et al., 1999; Durmusoglu and Corapcioglu 
2000). However, the main disadvantage is that the 
method does not promote recharge from precipitation 
above or laterally from the opposite side of the barrier. 
Another method that has been experimented is the use of 
plants such as bamboo and eucalyptus to dewater rising 
water table (Chhabra and Thakur 1998; Falkiner et al., 
2006). The main disadvantage is the fact that not all 
places could be suitable for the growth of such plants. 
Land must also be reserved for the growing of such plants. 
On the other hand, pumping wells are good means of 
dewatering groundwater to the required water table but 
the method seems expensive since wells have to be 
drilled and fitted with pumps that also require energy for 
operation. Other means of controlling soil-groundwater 
interaction is to place a relatively coarser material below 
the soil surface to act as a barrier. Based on this idea, 
many researchers have experimented it at both field and 
laboratory scale. Rooney et al. (1998) used model tanks 
to experiment on capillary cut design. They used coarse 
material of variable particle sizes composition. Though 
the barrier varied from 8 to 30 cm thick, it was still 
possible for salt to move across it. Due to varied particle 
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sizes, internal sorting might have affected the 
performance of their barriers. The idea has also been tried 
by other researchers such as Endo and Hara (2000) but 
the results have always shown that the capillary cut 
design needs to be improved for effectiveness. Nishigaki 
et al. (2007) have mentioned that if the right coarse 
material is chosen and the capillary cut is put at a depth 
below the ground surface the capillary forces could be 
controlled, and recharge from precipitation could also be 
promoted. 
In this paper, we have used Oji sand to test various 
designs and their ability to cut capillarity. Preliminary 
results from a combination of various designs of the 
capillary cut material tested under a one-dimensional (1-
D) column condition in the laboratory are also reported.
2 LABORATORY EXPERIMENTATION
2.1 MATERIAL 
The materials used for the experiment included Oji fine 
sand from the Tokyo area in Japan, four 10 cm diameter 
and 100 cm high columns, two different set of coarse 
material (2–4.7 mm and 9.5–19 mm), a constant water 
level tank and electrical conductivity meter. 
2.2 EXPERIMENT 
Oji sand with its physical properties as shown in Table 
1 and Fig. 1 was compacted at its natural porosity in 4 
different columns. In the first column, only Oji sand was 
compacted up to a height of 95 cm. In the other 3 
columns, 20 cm thick capillary cut materials were 
introduced into the columns between the 30 to 50 cm 
marks from the bottom of each column. The coarse 
material in Column 2 was composed of only 2–4.7 mm in 
size. Column 3 had its barrier material comprising 10 cm 
thick 2–4.7 mm size gravel from the 30 cm mark on the 
column followed by 5 cm thick 9.5–19 mm size gravel 
and followed by 5 cm thick 2–4.7 mm size gravel. 
Column 4 was almost the same as column 3 except the 
first and the last 2–4.7 mm gravel were each 5 cm thick, 
and 9.5–19 mm gravel was 10 cm thick. Figure 2 shows 
the barrier material arrangement in the columns. 
Due to inadequate FDR probes the experiment was 
carried out in pairs of columns. Salt solution of 10% 
concentration was poured into the constant head tank and 
connected to column 1 and 2 from the bottom in a 
constant temperature room of 20ºC. Prior to choosing the 
10% concentration solution, a calibration was made to 
ensure that an unsaturated salt solution was used for the 
experiment (Fig. 3). The water head was maintained at 20 
cm from the bottom of the column. The experiment was 
repeated with columns 3 and 4 (red color tube in Fig. 2 
shows experiment pair) after the first experiment was 
completed. The rising wetting front in each column due 
to capillary forces was monitored daily using frequency 
domain reflectrometry-vector analyzer (FDR-V) 
equipment. The measurement positions of the FDR-V 
were: probe 1 at 90 cm, probe 2 at 70 cm, probe 3 at 50 
cm, probe 4 at 30 cm and probe 5 at 10cm from the 
bottom of each column. After completion of the 
experiment (after 19 days) samples were taken at 10 cm 
interval along the whole column in each column. The 
samples were oven dried at 104ºC for 24 hours. For 
samples whose particle sizes were less than 5 mm, 100g 
of the dried sample was taken and dissolved in 500 ml 
distilled water, stirred for 30 minutes and allowed to stay 
in the experiment room for at least 3 hours before 
electrical conductivity measurements were taken. For 
samples of particle sizes more than 10 mm, 150 g of the 
sample was dissolved in 1000 ml of distilled water and 
subjected to the same treatment as less than 5 mm particle 
size sample. The initial conditions of the samples 
preparations are shown in Table 1. 
Table 1   Properties and condition of  sample   
Specific gravity (g/cm3) 2.67 
Porosity 0.45 
Average particle size (mm) 0.26 
Salt concentration (%) 10 
Electrical conductivity of salt 
solution (mS/cm) 
100.5 
Temperature of salty soil/water (ºC) 14.8 
Saturated Permeability of Sand 
(cm/s) 
2.03E-03 
Initial conductivity of saturated soil 
(ȝS/cm) 
150 
Temperature of initial saturated 
sample (ºC) 
13
Fig. 1a   Particle size distribution of Oji sand 
Fig.1b   Soil water characteristics curve of Oji sand 
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2.3 WATER CONTENT MONITORING 
Volumetric water content measurements were 
determined from the FDR-V data. The instrument 
measures the dielectric constant of the soil as this 
property of the soil depends on the amount of water 
present in the pores. Readers are referred to Nishigaki et 
al. (2004), Komatsu and Nishigaki (2002) and 
Balendonck et al. (2005) for the principle and the use of 
FDR for measuring water content. The data from the 
FDR-V was transformed into volumetric water content 
using the calibration equation (1) provided by Topp et al 
(1990). 
222436 103.51092.2105.5103.4  uuuu HHHT   (1)
 where, ș is the volumetric water content of the soil and Ķ
is the dielectric constant.  
Fig.2   Experimental set-up 
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Fig.3 Concentration- conductivity curve of salt solution 
3 RESULTS 
Results from the experiment are presented below. 
Figures 4, 5, 6 and 7 show daily water contents monitored 
by the FDR-V equipment in columns 1, 2, 3 and 4  
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Fig.4   Daily water content variation in column 1 (No capillary 
cut)
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Fig.5   Daily water content in column 2 (only 2 – 4.7 mm gravel 
size capillary cut) 
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Fig.6   Daily water content in column 3 (5 cm thick 9.5 – 19 
gravel size) 
respectively. The volumetric water contents determined 
from probe 5 in each column were nearly the same due to 
the fact that the probe was immersed in the saturated zone. 
However, probes 2, 3 and 4 in columns 1 and 2 showed 
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daily increase in water content till equilibriums were 
reached. The trend was completely different in
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Fig.7   Daily water content in column 4 (10 cm thick 9.5 – 19 
mm gravel size) 
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Fig.8   Salinity distribution along the columns 
Fig. 9   Wetting front due to capillarity 
column 3 and 4 as shown in Figs. 6 and 7. In Fig. 8, the 
salinity variation along the columns show that the 
influence of the capillary cut material caused salinity 
reductions at the mid portion of columns 2, 3 and 4 
(Fig.8). 
4 DISCUSSION 
As mentioned earlier, salinity in soils and groundwater 
has become a worldwide issue as mentioned in the 
introduction. Measures to combat this environmental 
menace are being pursued at both laboratory and field 
scale. Capillarity is one of the main mechanisms of salt 
transport in the ground. These forces are inversely related 
to the pore sizes of the soil as shown in many literatures 
(e.g. Nishigaki et al., 2007). According to Akudago et al. 
(2008a and b), the average pore size is about half the 
average size of the soil particle. In this regards, soils with 
very tiny particles will have very high capillary rise. For 
example, from the above the relation the average pore 
size of Oji sand would be about 0.13 mm and those of the 
2–4.7 mm and 9.5–19 mm sizes gravel could range from 
1–2.35 mm and 4.75–9.5 mm respectively. Oji sand was 
therefore chosen for this experiment based on its soil 
water characteristic curve (Fig.1b) and particle size 
distribution. 
Though literature suggests water table to be kept less 
than 2 m from the ground surface, the assumed water 
table in the current experiment was kept at 0.75 m from 
the top in order to assess the effectiveness of the various 
designs. Another reason for choosing the water table is 
that the soil water characteristics curve shows the water 
content at high suction head of about 70 cm to be almost 
stable or residual and it may be difficult to notice any 
capillarity.  
In column 1, capillary forces transported water from 
0.75 m down up to the surface. Consequently, there were 
various increases in volumetric water content along the 
column as indicated in Fig.4. Figure 9 shows the wetting 
front due to capillary forces after day 1. Though the 
initial water content after compaction was 0.05 m3/m3,
the water content rose to about 0.08 m3/m3 at the topmost 
parts of the column due to capillary effect. However, due 
to evaporation, there was reduction in water content after 
day 6.  
In column 2, the particle size of the capillary cut 
material was relatively not very coarse, hence the 
capillary forces were still strong to transport water 
molecule from the groundwater table as depicted by the 
water content curves in Fig. 4. However, columns 3 and 4 
showed that the capillary forces became weaker after 
encountering different layers of the capillary cut material 
consisting of bigger particle size. In column 3, the layer 
of 2–4.7 mm size gravel was 10 cm thick. The capillary 
forces might have still been strong to distribute moisture 
through the soil giving rise to the low water content at 
probe 4 (Fig.6). On the other hand, due to the combined 
effects of the capillary cut and gravity flow of moisture 
from the top parts of the column, there might have been 
moisture accumulation around probe 2, hence higher 
water contents were measured in columns 3 and 4. This 
condition was however, different in column 2 since the 
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filter media were relatively fine that might have promoted 
some amount of capillary forces to transport moisture 
from top to bottom of the column and vice versa. Also, in 
column 4, the 2–4.7 mm size coarse layer was only 5 cm. 
There might have not been much capillary forces to 
transport moisture upward since the capillarity in the 9.5–
19 mm coarse material layer might be comparatively 
small. In this regards, there was much accumulation of 
moisture around probe 4, hence the high water content. 
Results from the electrical conductivity measurements 
(Fig.8) show that capillary forces contributed a lot to 
transporting salt from the lower salty parts to the top of 
column 1. The electrical conductivity distribution along 
the column suggests that salt could be deposited above 
0.5 m from the water table in very fine soils. On the other 
hand, the introduction of the capillary cut material 
reduced salt transport below and between the barrier, and 
the top parts of the columns. In column 2, there was still 
salt transport within the capillary cut material indicating 
that the material size or thickness or both were not very 
good. In columns 3 and 4, the salt transport was halted 
around the barrier. 
Results from the experiment show that introducing a 
capillary cut made up of a sandwiched fine and coarse 
materials could stop soil-groundwater salinity movement. 
In order to select the coarse material sizes, Akudago et al. 
(2008a) proposed that the average size of the particles of 
the filter media should be about 8 times the average size 
of the particles of the soil and this relation proved to be 
very useful in the current experiment. Results from the 
experiment indicate that column 4 design is the best 
salinity control design though column 3 could also be 
used. 
5 CONCLUSIONS 
Laboratory column experiments were conducted to find 
a suitable capillary cut design that could arrest the 
problem of soil-groundwater salinity transfers. The 
results from the experiments show that 
(1) Groundwater table influences soil-groundwater 
salinity transfer 
(2) Capillary forces highly influence salinity 
transfers. 
(3) Capillary cut material could reduce soil-
groundwater salinity movement. 
(4) Sandwiching the capillary cut materials provide 
better results than uniform filter media. It is 
preferable to place thin layer of relatively finer 
gravel size under and over a thick coarser filter 
media such as in Column 4. 
(5) Large tank models are yet to be conducted and 
the outcome will be published later. 
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